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FOREWORD
This report is submitted by the Rocketdyne Divisionof Rockwell International, Canoga Park, CA, to
the Contracts Office, George C. Marshall Space Flight Center, Huntsville, AL, as interim Final
Report in support of Contract No. NAS8-36195.
ABSTRACT
This report presents the results of a research study on the fluid elastic instability boundary for
various geometries of the Space Shuttle Main Engine (SSME) injector under cross flow and
skimming flow conditions. Tasks being reported include: (1) Pretest Analysis, through which the
relevant parameters and a properly simulated test approach using full scale SSME hardware have
been determined; (2) Lox Post model design, based upon requirements set forth by the pretest
analysis; (3) Lox Post model fabrication, instrumentation and installation; (4) Testing, through
which an attempt has been made to establish experimentally the stability boundaries for both
skimming and cross flow conditions; and (5) Data analysis and interpretation, whereby
experimental data is interpreted to provide SSME stability boundaries.
A discussion of the technical approach used for accomplishing the requirements of the Statement
of Work initially provided by the Technical Proposal (Ref.(1)) is also provided in this report.
Although LOX post instability was not observed in the course of the experimental phase of the
program, it was possible to infer from the test data an approximate position of the instability
threshold line. A discussion will be included in this report on the conclusions drawn based on
various extrapolation techniques employed in the data analysis phase of the project.
v
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INTRODUCTION
This report is being submitted to the NASA George C. Marshall Space Flight Center to document
the study conducted on the Flow-Induced Vibrations in the Space Shuttle Main Engine (SSME)
Powerhead. The subject of this study is important to the rocket engine industry in terms of
upgrading current engines and improving the performance of future engines. It is also of great
interest to Rocketdyne because of its potential impact on Rocketdyne current and future products,
including the SSME.
In the course of this technical effort, existing full-scale main injector hardware was utilized; this
decision was made in view of the considerable air flow testing experience accumulated during the
development of the SSME in the past decade. This has brought significant benefits to the
program, in terms of economics, technology utilization and direct applicability of experimental
results to the existing SSME hardware. It should also be noted that the present study is an
extension of a preliminary investigation of LOX post instability conducted under the development
SSME contract.
A portion of the program was subcontracted to the Advanced Energy Systems Division of the
Westinghouse Electric Corporation to utilize their internationally recognized expertise in flow-
induced vibrations of tube bundles. The combination of talent and expertise from the two
companies has greatly enhanced the overall technical capabilities of the resulting team.
This report is organized into the following sections: Introduction, Technical Background, Program
Overview, Analysis and Discussion of Experimental Results, and, Conclusions and
Recommendations. The Introduction outlines the problem and provides a program summary.
\ J
The Technical Background contains three major sections. A description of the flow-field in the
SSME powerh.__ad,the mechanisms which control flow-induced vibrations, and a summary of
previous experimental work carried out by Rocketdyne as well as other workers in this field. The
Program Overview is an in-depth description of the development phase of the program; it
addresses the analysis, design and fabrication of the LOX Post models utilized in the experimental
phase, as well as test facilities, equipment and procedures employed. The section on
Experimental Results focuses on the expedmenta_ _ata analysis which includes the overall steady-
state powerhead flow field as well as the high freq_ __ncyresponse of the LOX posts.
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STATEMENT OF PROBLEM
The Rocketdyne designed and built Space Shuttle Main Engines have performed exceptionally
well during all launches performed to date, logging several hours of total engine burn time.
However, in the very early years of the program, main injector problems occurred in the form of
LOX post failures. These problems were overcome initially by introducing shields on the outer row
LOX posts, and later by also changing the LOX posts material such that its thermo-mechanical
properties would permit a higher yield strength at elevated temperatures. Since there are
penalties associated with the shields, i.e. added weight and unrecoverable fluid total pressure loss,
it is of great interest to determine the cause of the problems with an eye towards a less adverse
solution.
V
There are three potential mechanisms that may lead to failure in a configuration such as the main
injector. They are vortex shedding, turbulence buffeting, and fluidelastic excitation. Vortex
shedding has been ruled out as the actual cause by the use of air flow and engine test data.
Turbulence buffeting cannot be ruled out, although test data indicate its magnitude to be too low to
be the primary cause of the problem. This leaves fluidelastic excitation as the leading failure
mechanism candidate.
Fluidelastic excitation has been observed in heat exchangers with tube bundles to cause large
amplitude tube vibration leading to sudden failure. This phenomenon is characterizedby a critical
velocity below which vibration amplitudes are generally small and governed by turbulence
buffeting vortex shedding. Above the critical velocity the amplitude increases exponentially with
velocity until material failure occurs. The _ritical velocity defines the stability boundary for the
system. Determination of the stability boundary is the central problem in consideration of
fluidelastic coupling of any system.
For the SSME, the role of fluidelastic excitation can be determined by finding the stability boundary
of the Main Injector. This is to be done in the proposed program. Because different sections of
the Main Injector are affected differently by the flow, i.e. one section appears to be in cross flow
while another is in skimming or tangential flow, the stability boundary is a function of spatial
position, and therefore must be treated as such.
2
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PROGRAM SUMMARY
The technical effort for this research study entails determining the fluidelastic stability boundary for
different sections of the SSME main injector. To achieve this objective, a full-scale injector was
modified such that strategically located LOX posts were substituted by geometrically similar
models. Such models were fabricated from "Vespel", a material specially selected to respond to
fluidelastic instability at a lower critical velocity while retaining similar mode shape characteristics
of the prototype LOX post. The injector was then instrumented and tested in a full-scale Hot Gas
Manifold (HGM) using compressed air as flow test medium.
The first task of the study was to perform a detailed pre-test analysis during which important flow
and structural parameters were defined and chosen. Based on this analysis and a comprehensive
investigation of suitable simulation methods, a test approach was then selected. Several
combinations of structural boundary conditions were considered in the selection process in an
effort to closely simulate the prototype hardware. After detailed scrutiny, it was ultimately decided
to design all LOX post models with fixed/fixed end conditions.
Following the design and fabrication of the model LOX posts, strain gages were installed and
calibration tests performed to assess the strain response per input unit load. This procedure later
proved helpful in estimating and cross-checking the actual aerodynamic forces acting on each
LOX post element. Three groups of LOX posts were installed in separate regions of the outer
main injector rows (rows 11 through 13), approximately corresponding to areas known from past
experience to be susceptible to LOX post failures. Each LOX post element was instrumented with
two pairs of strain gages acting in planes normal and tangential to the injector's radius of
curvature; this was necessary in order to measure lateral and transverse deflections.
Air flow testing was conducted at the Aerophysics Laboratories of NASA's George C. Marshall
Space Flight Center in Huntsville, Alabama. Several test runs were made at different transfer duct
exit velocities and densities in order to assess the respective influence of reduced velocity and
damping parameter on the stability threshold. Despite numerous attempts at very high equivalent
engine power levels, all LOX posts were never exposed to a sufficiently severe environment to
cause fluidelastic instability.
RI/RD 91-157
1.0 TECHNICAL BACKGROUND (_
The investigation of flow-induced vibration, and its relation to the complex flow in the Space
Shuttle Main Engine, is best preceded by a technical discussion encompassing several areas.
The following discussion serves as a thorough and appropriate background for the flow-induced
vibration study being presently reported. The following topics will be discussed in this section: (1)
the general SSME operation, with emphasis on the Hot Gas Manifold (HGM) and Main Injector
flowfields and other related components, including a history of previous main injector failures; (2)
the physical mechanisms involved in flow induced vibration phenomena, including the effects of
array geometry; and (3) the results obtained from Rocketdyne's investigations of SSME LOX post
stability as well as from other prominent investigators.
SSME FLOW FIELD D___,_C:RIPTION
Figure 1.1 shows a cross-sectional view of the SSME powerhead. The figure identifies the major
components of the powerhead including the hot gas manifold, which is the main structural
backbone of the engine,supporting the preburners ancl=turbopumpsand f0rming the transfer ducts
leading to the main injector. A cutaway view of the HGM is shown in Figure 1.2. The main injector
is illustrated in Figure 1.3, with a detail of a portion of one of the main injector LOX post elements
shown in Figure 1.4.
Figure 1.1 - SSME Powerhead
FUEL
pIUE_UItNBt
OXIDIZER
PREBURNER
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Figure 1.2 - Cutaway view of SSME Hot-Gas Manifold
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Figure 1.3 - Main Injector Assembly
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TheSSMEwasdesignedbasedon a staged combustion cycle, where the propellants are partially
burned within the preburners at low mixture ratio, high pressure and relatively low temperature.
The hydrogen-rich combustion products are subsequently used to power the high-pressure
turbopumps. The gas exiting each turbine is then routed through axisymmetric 180° turns which
lead into the respective fuel and LOX bowls. Transfer ducts from opposite sides connect the fuel
and LOX bowls to the main injector torus manifold where the flow enters the main injector array
through 600 LOX post injector elements.
V
As shown in Figure 1.4, the oxidizer (liquid oxygen) flows through the center of each LOX post.
The hydrogen-rich hot-gas flowing from the preburners enters a sleeve, coaxial to the injector
element, through six 0.140 in. diameter holes located at the secondary plate retainer. Mixing of
the hydrogen-rich gas and oxidizer occurs at the primary plate. The resulting combustion
produces sufficient pressure in the Main Combustion Chamber (MCC) to provide the required
engine thrust. Cooling for the sleeves, primary and secondary plates, and baffle elements is
accomplished by pressurizing the space between the two plates with cool hydrogen gas, at a
pressure greater than that acting on the opposite side of either plate. Both primary and secondary
plates are made of a porous "rigimesh" material, thereby allowing for transpiration cooling to take
place.
Figure 1.4 - Detail of Main Injector LOX Post Element
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Thepowerheadflowpathjustdescribed,resultsin a verycomplex, turbulent and highly three-
dimensional flow pattern. The fuel side of the powerhead assembly is subject to greater mass flow
rates than the oxidizer side, and thus more likely to induce instability. For this reason, the present
study is focused primarily on the fuel side of the powerhead as opposed to the oxidizer side.
Some of the more common flow characteristics pertinent to the transfer ducts in the current flight
engine configuration are listed in Table 1.1.
MAIN INJECTOR HISTORY
A large amount of effort has been devoted to understanding the flow inside and approaching the
main injector elements (LOX posts). The first SSME LOX posts were made of Haynes 188 and
were later changed to 316L CRES. Early engine firings (engines 0002 and 0005) employing
injectors with CRES posts experienced LOX post failures due to cracking in the thread and tip
regions as indicated in Figure 1.5. Figure 1.6 indicates that the LOX post failures occurred in
regions of the main injector corresponding to areas on the fuel-side transfer ducts where the
discharge velocities are known to be maximum. The main injectors installed on engines 0002 and
0005 had accumulated approximately 780 seconds of equivalent RPL (Rated Power Level, or,
100% Power Level) time at failure.
Table 1.1 - SSME Powerhead Operating Conditions at Transducer Ducts for FPL Baseline Engine
Operating at 109% Power Level
PARAMETER
FLOW RATE
TOTAL PRESSURE
TEMPERATURE
MACH No.
DENSITY
AREA
VELOCITY
MOLECULAR WGHT
REYNOLDS NO.
FUELTRANSFER DUCTS
76.3 k_s (168.2 Ibm/s)
24.7 MPa (3.5.85psi )
952 K (1715 R)
0.11
11.7 kg/m3 (0.73 Lb/Ft3)
0.0368 m2 (0.396 R2 )
176.5 m/s (579.2 Ft/s )
3.83 kg/kg-m (3.83 Ib/Ib-m )
8.5E+7/m (2.6E+7/ft)
OXIDIZERTRANSFER DUCTS
32.0 kg/s (70.5 Ibm/s)
24.6 MPa (3574 psia )
786 K(1415 R )
0.10
12.5 kg/m3 (0.78 Ib/ft3)
0.0165 m2 (0.178 ft2)
155.0 m/s (508.6 ft/s)
3.47 kg/kg-m (3.47 kg/kg-m)
9.2E+7/m (2.8E+7/It)
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Figure 1.5 - LOX Post Failures for Engines 0005, 0002, and 2004 -"-
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Figure 1.6 - Main Injector Failures for Engines 0002, 0005, and 2004
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Flow shields were added to later main injector configurations in an effort to increase the stiffness
of the LOX posts; Figure 1.7 illustrates the assembly of flow shields to row 13 of the main injector.
At approximately 20,000 seconds equivalent RPL time, the shielded injector on engine 2004
experienced failure in a row 12 LOX post in the tip region (see Figure 1.5). Following that incident,
most injectors with CRES LOX posts were modified with Haynes 188 tips, and all future injectors
had LOX posts built entirely of Haynes 188. Two latter engines, 2108 and 0110, both of which had
some run time at Full Power Level (FPL, or 109% power level), experienced failures as a result of
cracks developed in the inertia weld region (Figure 1.8). Such cracks occurred after approximately
2800 seconds of equivalent FPL time. Recent design considerations for the main injector have
been the use of unshielded "super-posts". Super-posts are made of Haynes 188 and have slightly
larger diameter than the baseline LOX posts currently used on flight engines. A comparison
between the two posts is made in Table 1.2.
Figure 1.8 - Inertia Weld Cracks for Engines 2108 and 0110
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- Comparisonof Flightand
SuperpostLOXPosts
V
PARAMETER
DIAMETER(INCL. SWlRLER)
MASS/LENGTH
NATURAL FREQUENCY
MATERIAL
FLIGHT
0.94 cm
(0.371 in)
0.3518 kg/m
(0.2364 Lbm/Ft)
1640 Hz
CRES 316I_/HAYNES 188
SUPERPOST
0.986 cm
(0.388 in)
0.4161 kg/m
(0.2796 Lbm/Ft)
1840 Hz
HAYNES 188
Efforts to improve the SSME powerhead overall system pressure loss, lower operating
temperatures and LOX post environment, have resulted in the consideration of a major design
change in the HGM. Extensive testing and analysis have been performed on a hot gas manifold
design consisting of two large diameter fuel side transfer ducts in place of the current three
transfer duct design. Engine prototypes equipped with two-duct hot gas manifold have been built
and are currently undergoing an extensive test firing program.
AIR FLOW TESTS
Air flow testing of full-scale SSME hardware has been an important method for understanding the
powerhead flow field and for testing new design concepts. Several tests have been conducted at
Rockwell's North American Aircraft Operations (NAAO) Division in E! Segundo, California.
Recently, a new test facility featuring a modular and extensively instrumented HGM model has
attained operational status at the Aerophysics Laboratories of Marshall Space Flight Center in
Huntsville, Alabama. The experimental phaseof this Study has been carded out at the latter test
facility. A detailed description of this test facility is given in the Test Facility section of thls report.
Earlier full-scale test models tested at NAAO include a "solid-wall" three-duct hot-gas manifold
(SWHGM) machined out of CRES, an actual three-duct SSME hot-gas manifold modified to a two-
duct design (Technology_1odel), and a more refined Phase Iil two-duct HGM model machined
from CRES. All of the HGM test models contain hardware for the simulation of the fuel and
oxidizer turbine discharge ducts. Main injectors used in the models are actual SSME injectors
RI/RD 91-157
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modified to meet the requirements of the respective test programs. All models were equipped with
digital and high-frequency instrumentation. Additional Information on two-duct and three-duct air
flow tests conducted at NAAO can be found in Reference 1.
Air flow tests conducted at all test facilities described above typically consist of a 30-second
duration blowdown of ambient temperature air compressed to 2.27 MPa (330 psia). Mass flow
rates achieved during testing are nominally 45 kg/sec (100 Lbm/sec). This represents
approximately 70% of the engine operating Reynolds number, which is in the highly turbulent
regime and thus constitutes an accurate simulation. Both the SSME and air flow test models
operate at a sufficiently low Mach number for the flow upstream of the injector to be considered
incompressible.
FLOW-INDUCED VIBRATION MECHANISM
The three principal mechanisms typically associated with flow-induced vibration of cylindrical tubes
in a closely packed array are:
1. Turbulence
2. Vortex shedding
3. Fluidelastic excitation (self-excited motion)
The independent dimensionless similitude parameters usually considered in flow induced vibration
investigations are shown in Table 1.3. Case 1 is the general formulation. Note that vibration does
not generally take place at the natural frequency fn. In compressible flow the dependent variables,
y/D, for example, can be written as a function of four independent parameters:
(I)
In Case 2, excitation occurs at the fundamental natural frequency and, for incompressible flow:
D ' U pD2
(2)
11
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Table 1.3 - Similitude Parameters Associated With Flow-Induced Vibration Phenomena
CASE 1 - GENERAL FORMULATION
DUD K
1. v (Reynolds Number) 4. pU2D
U U
2. a (Mach Number OR fnD
3. m0 (Mass Ratio) 5. C
pUB2
or _ (Density Ratio) OR 8
P
6. U2
(Fluidelastic Parameter)
(Reduced Velocity)
(Damping Variable)
(Logarithmic
Decrement)
(Froude Number)
CASE 2 - VIBRATION AT THE SYSTEM NATURAL FREQUENCY WITH NO GRAVITY
OR COMPRESSIBILITY EFFECTS
1. pUD
V
U
2. fn--D
3, m0_n
pD2
(Reynolds Number)
(Reduced Velocity)
(Damping Parameter)
Turbulent Excitation
V
Turbulence causes narrow-band random vibration of tubes in a cross-flow at about their natural
frequency. Resulting vibration amplitudes vary randomly in time and space (Figure 1.9).
Turbulence ts believed to be the main cause of tube vibration in heat exchangers when the
possibility of fluidelastic excitation is inapplicable.
A semi-empirical formula was derived by Connors (Ref.2) for predicting turbulence induced tube
vibration using concepts presented by Fung (Ref.3) and Keefe (Ref.4) for a single-span cylindrical
tube:
D
where:
Yn= root-mean-square (RMS) vibration amplitude in the nthmode
C1 = empirical constant related to the magnitude and spatial correlation of the excitation forces
H = empirical constant related to the shape of the power spectral density (PSD) curve for the
excitation forces.
RI/RD 91-157
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!Typically, 0 < H < 3, and H J;.'-, C1 depenc on the tube pattern and spacing. The purpose of
providing Equation (3) is to identify the main parameters associated with turbulence-induced
excitation of cylindrical tubes. For tubes with multiple supports subject to spanwise flow variations,
a somewhat more complicated formulation is to be employed.
Figure 1.9 - Typical Vibration of a Tube Excited by Turbulence in a Cross-flow:
(a) Typical Lissajous diagram of tube mid-span amplitude;
(b) amplitude histogram for transverse (y) direction;
(c) amplitude histogram for strearnwise (x) direction.
(a)
Time
(b)
E
x
Time
(c)
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Vortex SheddlnQ
When fluid flows across a circular cylinder, the wake behind the cylinder is characterized by a
sedes of vortices, known as the yon Karman Vortex Street. The vortices are shed in a periodic or
wide-band random fashion, depending on the Reynolds number, and produce an alternating "lift"
force in a direction normal to the flow. The frequency of the alternating force is related to the
Strouhal number:
where
fs = vortex shedding frequency
U = approach flow velocity
D = cylinder diameter
S = Strouhal number
<,)
The alternating force is associated with the vortex shedding frequency when lock-in is achieved by
means of synchronization between the vortex shedding frequency and the tube's natural
frequency. Methods are available (Ref.5 through 7) for predicting tube vibration caused by vortex
shedding. However, the practical importance of vortex shedding excitation in closely packed
arrays is questionablel Vortex shedding excitation has been observed in laboratory tests on tube
arrays in uniform cross-flow at relatively low Reynolds numbers. A number of factors tend to
reduce the importance of vortex shedding in the SSME:
. Spanwise variations in flow velocity known to exist in prototype situations reduce the
strength of vortex shedding. For example, no evidence of vortex shedding was observed
in tests of the Inlet region of a Canadian recirculation-type steam generator (Ref. 8).
2. It is likely that vortex shedding excitation is diminished at the higher Reynolds Number
that exist at SSME operating conditions.
3. Turbulence in the flow approaching a single tube (Ref. 9)or an array (Ref. 10) may
suppress vortex shedding.
4. Helical strakes, such as those on the SSME injector LOX posts, are known (Ref. 11) to
suppress vortex shedding.
14
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I/u/d-elastic Excitation
Vibration amplitudes associated with vortex shedding and/or turbulent excitation do not usually
exceed approximately 20% of the cylinder's diameter (Ref. 7). Larger amplitudes, that have often
resulted in rapid deterioration of heat exchanger tubes, have been determined to be induced by
fluidelastic excitation. This phenomenon is a self-excited vibration mechanism (Ref. 12) 1, first
identified by Westinghouse. The similarity of the SSME main injector LOX post array to the tube
arrays found in heat exchangers that have been affected by fluidelastic excitation, makes it
reasonable to believe that the potential may exist for fluidelastic excitation to be present in the
SSME. The mechanism is characterized by a critical flow velocity below which vibration
amplitudes are small, and above which the amplitudes increase very rapidly (Figure 1.10). It is
this fact, coupled with the preceding observations, that make the fluidelastic excitation mechanism
by far the most critical of the three previously listed flow-induced vibration mechanisms.
The time history of the structural response due to fluidelastic excitation is sinusoidal; it occurs at
the natural frequency of the tubes in a cross flow. The tubes vibrate in orbital patterns, as shown
in Figure 1.11. The large amplitude vibration initiates when2:
Uen > [3_nD_ (s)
where
U. = effective velocity
{3= threshold instability constant (dependent on tube pattern and spacing)
f. = tube natural frequency in the n'th normal mode
D = tube diameter
The threshold instability constant has been evaluated experimentally for several tube patterns and
tube spacings. The tube's structural damping, expressed as a logarithmic decrement _n, includes
mechanical damping as well as fluid damping. Damping is presently not well defined. Usually
values of 8n between 0.0628 and 0.1257 are used in design (1% to 2% critical damping). The
relation given in Equation 5 is often displayed in a stability diagram as shown in Figure 1.12(a).
1 A Comprehensive literature survey is not provided in this report; extensive bibliographical
references may be found in Refs. 13 and 14.
2 Note that the formulation of equation 5 corresponds to Case 2 in Table 1.3, while the formulation
of equation 6 corresponds to Case 1.
RI/RD 91-157
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Figure 1.10 - Detection of Onset of Instability Based on Vibration Amplitude
Variation with Increasing Flow.
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v
Figure 1.11 - Typical Whirling Vibration 0f Rods in a Square Array. Uft direction is Vertical and
Drag Direction is Hodzontal (flow is left to right).
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f Figure 1.12 (a) - Stability Diagram for Three Row Square Array with TIC = BID = 1.41
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Figure 1.12 (b) - Traditional Plot for the Threshold Fluidelastic Instability Based
on the Work of Various Researchers
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The diagram shows, among other things, that higher flow velocities are required to cause tube
whirling for low density fluids such as gases, than for high density fluids such as water when all
other parameters are held constant. Figure 1.12(b) is the traditional plot for the instability
threshold as viewed by several investigators.
Current research (Refs. 13 and 14) suggests that the onset of fluidelastic instability may be more
generally predicted by:
Urn> fnDImoT (6)
where T"and 7depend on whether the fluid density is low (gas) or high (liquid). For the conditions
existing in the SSME, Eq. 5 is believed to be appropriate, and values of 13are obtained from the
experimental data using the relationship given in Eq. 5. It is also noted that Eq.5 is generally
accepted as being valid for gaseous flows in the operating range of the SSME, while Eq. 6 has
been proposed for liquid flows.
For nonuniform flows, the effective velocity in Eq.5 depends on the spanwise velocity and density
distribution, as well as on the mode shape of vibration 3 . The effective velocity is given by (Ref.
15):
U_ = j-1 _po/
j=l
(7)
V
where Uj, pj and mj are the velocity, fluid density, and tube Incremental mass at various spanwise
locations along the tube, respectively, and Sjn is the normalized displacement of the jth lumped
mass in the n'th mode of vibration.
Most of the investigations reported in the literature involve flows that are essentially uniform in the
transverse direction. However, flowfields with highly nonuniform velocity distribution in the
transverse direction exist in many types of heat exchangers. Of particular interest are skimming
flows created, for example, in the vicinity of inlet nozzle impingement plates. The impingement
plate turns the nozzle flow and creates a high tangential skimming velocity between the shell and
tube bundle as shown in Figure 1.13.
3 The mode shapes and natural frequencies can be calculated using finite-element computer
programs such as NASTRAN and WECAN.
RItRD 91-157
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Figure 1.13 - Skimming Flow Developed in the Vicinity of an Impingement Plate in a
Heat Exchanger.
Impingement Plate " _ Inlet Nozzle
An experimental investigation of flow-induced vibration of tube arrays in highly nonuniform cross
flow was conducted by Westinghouse (Ref. !6). It was found that skimming flows cause large
amplitude fluidelastic vibration of tubes in model arrays when the velocity exceeds the threshold
value. Figure 1.14 shows a typical test configuration, while Figure 1.15 shows the variation of the
threshold instability constant with geometry of the flow passage. It is believed that skimming flows
similar to those discussed above are the likely cause of the large-amplitude flow-induced tube
vibration reported (Ref. 17) for a single pass steam generator.
It is believed that the flowfield in the SSME main injector region is such that the LOX posts may be
subject to both cross flow and skimming flow conditions. As will be discussed in a later section in
greater detail, the main injector tested in the course of this study is instrumented in such a manner
that detection of instability for both flow conditions should be feasible.
Investigations on the effects of impinging jets on the flow-induced vibration of tube arrays has also
been carried out at Westinghouse. Figure 1.16 shows fluidelastic excitation of tubes caused by a
jet directed between two columns of tubes. This situation is believed to be similar to the SSME
injector inner rows, when shields are installed on the outer row.
f
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Figure 1.14 - Vibration of Tubes Located in a Triangular Array Caused by a Tangential Skimming
Flow. (Lilt Direction is Vertical and Drag Direction is Horizontal.
1 inch = 25.4 mm, 1 fps = 0.3048 m/s)
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Figure 1.15 - Threshold Instability Constant for Skimming Flow Over a Triangular Array.
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PRI_VIOU$ EXPERIMENTAL WORK
(
Motivated by plans to hot fire an SSME equipped with an unshielded superpost injector (engine
0208), air flow tests were carried out in 1984 at Rocketdyne by L.K.Sharma and S.T.Vogt. The
objective of this air flow test program was to determine whether LOX post instability would occur
on technology engine 0208 at 109% power level. Testing was carried out on two test stands:
channel tests were conducted on an array with a uniform approach flow, and two-duct HGM tests
were conducted at the highest flowrates achievable at the NAAO test facility. It is interesting to
note that the test results indicated an unstable condition for the LOX posts in the channel tests,
however the two-duct tests showed all instrumented posts to remain quite stable over the entire
achievable flowrate range.
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21
_azzeLZP.._s
The initial channel sta6ility testPhase_was conducted using one of-three available array
geometries. Seventy-seven tests were conducted over a wide range of channel mass flowrates
and pressures to obtain the stability boundary and a map of injector stability regions in terms of
reduced velocity and damping parameter. Figure 1.17 shows the superpost array geometry and
the vadous array configurations used. Instrumented Vespel posts had four mutually orthogonal
strain gages located at the mid-span position along each LOX post. Non-instrumented Vespel
posts and aluminum posts were used to provide the appropriate array blockage, and determine the
effect of different neighboring posts on fluidelastic excitation.
Testing was carried out at channel velocities large enough to prevent interference from vortex
shedding excitation at the post element natural frequency. Typical values of the Strouhal shedding
frequency were 2 to 4 times greater than the Vespel post natural frequency. In a number of test
runs, the LOX post strain and deflection behaved non-linearly with respect to increasing approach
flow velocity head (q). Figure 1.18 shows the post response for runs 1, 2 and 12. As the figure
shows, the LOX post strain response behaved linearly with respect to the approach flow velocity
head for values of q less than 13.8 KPa (2 psi). At larger values of q the LOX post strain
increased exponentially, thus indicating occurrence of fluidelastic instability.
Figure 1.17 - Array Configuration for Air Flow Channel Tests
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Figure 1.18 - LOX Post Strain Response in Channel Flow Tests
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Lissajous diagrams of the strain response confirm this conclusion, in Figure 1.19, the x and y
axes represent the LOX post strain response in the drag and lift directions, respectively. As is
evident from the illustrations, the first four frames show the orbits as not being well defined, and
their amplitudes increase in a linear fashion with the velocity head q; in the fifth frame (q = 15.65
KPa (2.27 psi)), the strain amplitude in the y-direction (lift) has increased nearly 7 times for a
twofold increase in q, and the orbit exhibits large elliptical motions, thus indicating fluidelastic
instability.
Selected data from the initial stability tests have been plotted in terms of the reduced velocity and
damping parameter in Figure 1.20. The data points are differentiated in terms of stable test points,
unstable test points, and the location of engine 0208 predicted from three-duct air flow tests and
scaled to 120% power level. Uncertainty limits have been placed on most of the data points from
the preliminary tests. The lower and upper boundary of the instability thresholds were located
based on data points shifted in such a manner as to correspond to the largest and smallest
damping parameters possible. Figure 1.21 is an adaptation of Figure 1.20 as it is foreseen that it
would apply to SSME operating conditions, and shows the resulting stability limits as they would
apply for best and worst case damping. Note that the best estimate for the position of an engine is
in the region labeled "possibly unstable". Uncertainty associated with the data used for calculating
the non-dimensional parameters in the chart, leads to lack of confidence in the resulting stability
boundary.
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The largest degree of uncertainty is encountered with the logarithmic decrement (8). This applies
to LOX posts installed on the engine as well as on the air flow test models. Much of this
uncertainty results from the difficulty in measuring and/or calculating the damping of a LOX post on
an engine during hot-fire operation, or during air flow tests. A second major source of uncertainty
is predicting the gap velocity between LOX posts due to the highly three-dimensional nature of the
flowfield. In Figure 1.21, error bands have been placed on the gap velocity for Engine 0208. The
lower band is based on the one-dimensional gap velocity, whereas the upper band represents the
maximum velocity measured in the transfer ducts, accelerated through the gap area between LOX
posts. The gap velocity associated with Engine 0208 was obtained from direct measurement
during previous air flow tests and scaled to 109% power level.
In summary, it has been shown that LOX posts can be subject to fluidelastic instability in channel
flow test conditions, and with uniform approach velocity distribution. Testing has also shown that
the uncertainty in the logarithmic decrement, used to calculate the damping parameter, needs to
be further reduced in order to obtain a more realistic picture. Nevertheless, the data presented
above clearly reveals the existence of a potential instability situation in the main injector LOX
posts. Before assessing this potential in the three-duct superpost injector, we shall first examine
the results obtained from the two-duct main injector tests carded in 1984.
Figure 1.19- Ussajous Diagrams of LOX Post Strain Response
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Figure 1.20 - Superp<:st Stability Parameter Comparison
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Two-Duct HGM Tests
Due to unavoidable inaccuracies associated with simulating the SSME injector flow with uniform
flow past an array within a channel, stability tests were also on an air-flow main injector equipped
with instrumented Vespel LOX posts, as shown in Figure 1.22. The Vespel LOX posts were
located on rows 12 and 13 in the portion of the injector adjacent to the inner wall of the right
transfer duct. Strain gages were installed 45 degrees left and right of the radially outward position
on the row 13 posts. The approach velocity to the instrumented array was increased incrementally
until maximum test facility operating conditions were reached. As in the channel tests, the
Strouhal shedding frequencies were 2 to 4 times greater than the Vespel post natural frequency.
Figures 1.23(a) and 1.23(b) show the behavior of the strain response as a function of the one-
dimensional transfer duct velocity head. As the figures indicate, the response is linear, thus
suggesting that the mode of excitation is due solely to turbulent buffeting.
The apparent lack of excitation induced by fluid-elastic instability is also confirmed by Lissajous
diagrams shown in Figure 1.24. Post instability was not detected in any of the two-duct air flow
tests. Due to hardware limitations inherent with the two-duct HGM which control the mass flow
rate, as well as facility limitations which control the maximum system pressure, the maximum
achievable reduced velocity and damping parameter were limited to values lower than those
obtained in the channel flow tests.
Figure 1.25 maps the stability parameters of a two-duct engine with respect to those resulting
from the scaled two-duct air flow tests. The reduced velocity coordinate corresponding to the two-
duct engine data point was obtained from the one-dimensional fuel side transfer duct velocity.
Similar to the channel test data, uncertainty limits have been added to account for the uncertainty
of the logarithmic decrement of both engine and model posts. Ultimately, this results in the
inability to form a definite conclusion about the stability of the two-duct engine LOX posts.
v
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Rgure 1.22 - Instrumenled LOX Posts in Two-Duct Air Flow Test Model
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Figure 1.23(a) - LOX Post Strain Response (Right of Radial Direction)
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Figure 1.23(b) - LOX Post Strain Response (Left of Radial Direction)
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Figure 1.24 - Lissajous Diagrams of LOX Post Strain Response
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Figure 1.25 - Two-Duct Air Flow Test Stability Diagram
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2.0 PROGRAM OVERVIEW
This test program was prepared to respond to the objectives and requirements as defined in the
RFP 8-1-4 ED-11418 Work Statement. The entire program was organized, planned, and
budgeted according to the tasks defined in the Work Statement. The principal objective of the
program on flow-induced vibrations in the SSME injector heads, is to establish the fluid-elastic
stability boundary for different sections of the SSME super-post injector under cross-flow and
skimming flow conditions. This requires that an experimental investigation be carded out using
properly simulated models of the SSME powerhead. The analytical and design phases of the
program were jointly carded out by Rocketdyne and Westinghouse; the experimental phase was
implemented at Marshall Space Flight Center, where compressed air at ambient temperature was
used in a series of blowdown tests.
The analytical phase of the program started with the accomplishment of a pre-test analysis task,
whereby predictions were formulated on the stability boundaries of pre-designated super-post
elements located on an unshielded main injector to be tested on a three-duct hot gas manifold
model. Because instability is expected to occur at flow conditions not achievable in cold-flow tests,
work was performed to define the proper model super-post material, end restraint conditions and
other pertinent structural simulation parameters to attempt exciiation to unstable conditions Within
the constraints of the test facility. The resulting vibration response recorded during air flow tests,
was then related to actual engine operating conditions by performing a similarity analysis. Upon
detection of a stability boundary in the course of the experimental phase, it would then be possible
to determine the corresponding engine power level at which the occurrence of an unstable
condition is suspected. However, because'instability was not detected during the experimental
phase of the program, an alternative and more conservative approach was utilized whereby the
data obtained at the highest poss=_b[eachieved flow conditions was interpreted as a boundary
below which the super-posts are considered stable.
PRE-TEST ANALYSIS
The purpose of the pre-test analysis was to define a properly simulated test approach for
evaluating fluid-elastic excitation in the SSME. Included in this task are: (a) the determination of
the best possible analytical prediction of the main injector stability boundary, (b) the formulation of
criteria to be used in support of the hardware design task, and (c) the development of proper
experimental techniques to effectively fulfill the program objectives.
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Apalvtical Predictions
The stability boundary of the SSME super-post was predicted based on available data. In order to
calculate effective and critical velocities, knowledge of the injector velocity profiles and post
structural response (mode shape and damping) was required. Much of the information available
for analysis did not bear a high degree of accuracy. The best data available were thus utilized to
make a 'lirst cut" prediction of the instability parameters. Predicting instability conditions
analytically for the injector is also difficult because the instability correlations available from the
literature are almost exclusively based on arrays of perfectly uniform cylinders, with uniform
boundary conditions, tested in wind tunnels with uniform approach flows; conditions which are not
characteristic of the SSME injector.
Main Injector Velocity. - Main injector skimming and gap velocity estimates were obtained
through the use of computational fluid dynamics (CFD) and full-scale air flow test results available
for the main injector. The CFD results available for the three-duct HGM configuration at the time
of the pre-test analysis included only a laminar solution (Re=1000). The computational grid was
designed to model a 120 ° slice of the three-duct HGM fuel side. The complex geometry of the
main injector itself was modeled as a porous medium with 28.3% porosity (open area divided by
total area), which corresponds to an unshielded super-post injector. The CFD model utilized an
inlet flow uniformly distributed over the three transfer ducts. Although the computational model
was subject to extensive simplifications, it provided a practical means for obtaining initial "rough
cut" estimates for main injector instability thresholds.
Radial and tangential velocity profiles were obtained for three main injector locations. These
locations were at 0 = 0°, 33°, and 85 °, as shown in Figure 2.1. The 0 = 33 ° and 0 = 85° locations
generally correspond to regions where post failures have occurred. The 0 = 33° and 0 = 85 °
locations are also in regions that are believed to experience some of the highest radial (Vr) and
tangential or "skimming" (Vt) velocities, respectively. Finally, the three locations encompass array
geometries that are in line (0 = 0°) and staggered (0 = 33°, 85°). The tangential velocities were
taken just upstream of the porosity location in the CFD results. The radial (gap) velocities were
obtained by adjusting the velocity at this location by the porosity value. A typical CFD velocity
profile is shown for the 0 = 0° location in Figure 2.2. The velocity is non'nalized by the transfer duct
inlet velocity U. Several of the CFD velocity profiles appeared to have a distinct parabolic shape.
A small amount of unshielded flight post three-duct HGM airflow data from previous Rocketdyne
tests are available for comparison with the CFD data. These measurements tend to indicate that
injector gap velocity profiles are probably more uniform than those predicted by the laminar CFD
results.
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Figure 2.1 - Plan View of SSME Injector and Test Model Arrays Locations.
V
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Superpost Mode Shape. - The superpost mode shape was obtained from a Stardyne computer
model. Spring connections were used at three locations, two simulating the retainer/post thread
joint and a third at the standoff location (see Figure 1.4). The natural frequency of the super-posts
installed in a full-scale injector was measured in support of the earlier test program and was
determined to be approximately 1820 Hz. The spring constants used for the boundary conditions
for the dynamic model were varied so as to match with the measured post natural frequency. The
mode shape (first mode) obtained is shown in Figure 2.3. The mass distribution for the post is
also necessary for calculation of the effective velocity and is obtained once the elemental
dynamics model is established.
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Figure 2.2 - CFD Result for Radial Velocity at 0 = 0°
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Figure 2.3 - Engine and Model Superpost Mode Shapes
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Damping. - As previously mentioned, significant uncertainty exists in the damping values for the
super-posts. The variation is mainly attributed to differences in fitup in the threaded region of the
posts that give rise to amplitude-dependent, nonlinear damping effects. Based on experiments,
damping of the engine super-posts ranges from t_= 0.84% to 2.3%. Bench testing appears to be
warranted to better determine superpost damping and to investigate the range in damping that can
be expected as a function of installation fitup. For the model posts, known repeatable damping
values were desired and bench testing, as well as main injector testing, of the individual posts had
to be performed to determine damping and natural frequency. This type of testing is discussed in
more detail in the Instrumentation calibration section of this report.
Instability Prediction. Instability initiates when
Uen>1.o
Ucn
where the critical velocity, Ucn, iS given by
Oco
_,poD ]
(8)
(9)
and the effective velocity, Uen, is given by Equation 7. Since both radial and tangential velocities
act on the LOX posts, instability is predicted to initiate when
[IU'rl + 1.o
L UcrI
where:
Uer = effective radial velocity
Uet = effective tangential velocity
Ucr = critical radial velocity
Uct = critical tangential velocity.
(lO)
Calculation of the above values were made for 109% power level engine operating conditions
using the data shown in Table 2.1. There is scatter among the values of 13reported by the
different investigators. The following data were used:
1. Inline arrays, Ref.(15): 13r= (0.37 + 1.76 T/D)
2. Triangular arrays, Ref.(16): I]r = 10 (T/D- 1)
3. Skimming flow, Ref.(16): _t = 4.5.
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LThe values of I] in Table 2.1 are for the superpost pitch to diameter ratio (T/D) of 1.7.
Table 2.1 - Engine and Airflow Model Superpost
Stability Calculation Parameters
Config-
uration
Engine
Air
D
(mm)
9.855
9.855
4.5
4.5
_r
(In-
line)
3.385
3.385
_r
(Trian-
gular)
7.OO
7.00
P
(kg/m3)
12.27
12.27
m o
(kq/m)
0.456
0.0688
11 _
2, t;n
0.1257
0.0628
fn
(Hz)
1821
470
U
(rWsec)
209
30.5
Results from the stability calculations are shown in Table 2.2. Under the conditions evaluated,
instability is not predicted for the SSME when a damping value of r,n= 2.0% is used. The r_, =
0.5% condition indicates instability for all three injector locations examined, with the (9= 0°
location being predicted as the least stable.
Table 2.2 - Summary of Fluidelastic Instability Calculations for
Row 13 Engine Superpost
Velocity Parameters
Uer (m/s)
Ucr (m/s)
Uet (m/s)
Uct (m/s)
Uer/Ucr
Uet/Uct
[(Uer/Ucr) 2 + (Uet/Uct)2] 0.5
[(Uer/Ucr) 2 + (Uet/Uct)2] 0.5
Damping*
2
2
2
2
2
0.5
Circumferential
Location
q=0 °
307.2
423.0
0
562.0
0.728
0
0.728
1.456
q = 33 °
437.6
874.8
19.96
562.0
0.574
0.036
0.575
1.150
q = 85°
174.5
423
221.6*
562.O
0.412
0.394
0.570
1.140
*Estimate
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Based on Eq. (9), and assuming constant 8n., it can be inferred that: _ _
Ucn PV-_o= constant (11)
Equation (11) can be used as a simple means of assessing the imminence of an unstable
condition during actual testing; the resulting estimate, however, is only as good as the
assumptions used to compute the value of the constant. Using Eq. (9) and Table 2.1, the following
conditions were calculated for the onset of fluid-elastic instability of the model LOX posts:
Table 2.3 - Instability Thresholds Prediction for
Steel-Tipped Model Super-Posts
ROW 13
LOCATION
o
33°
85°
UcnP_o
[Ft/s(Lbm/Ft3) l/s]
67
108
100
LOX POST MODEL DESIGN
The criteria for the model superpost design included the following:
Fundamental natural frequency and damping values that ensured
fluidelastic instability for the range of flow velocities and fluid densities
obtainable inthe SSME air test model.
Adequate strength to prevent failure during the tests.
Reproducible damping and frequency characteristics with no
significant change over time or vibration history.
Easy removal and installation from an assembled injector to avoid
injector disassembly and reassemble for model post replacement
or modification.
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Detailed LOX Post Deslon
Several design concepts for the model post were considered. The conceptual design chosen in
the early stages of the program was similar to a design concept successfully used in testing at
Westinghouse, and is shown in Figure 2.4(a). The model post was made out of Vespel and
featured reduced diameter sections at the top and bottom ends to reduce the natural frequency•
Shrouds are placed over these locations in order to duplicate the overall aerodynamic shape of the
SSME LOX posts. Each element was fixed at the top by threading it into the LOX dome inter-
propellant plate. The faceplate end was fixed by the combination of the threaded anvil and a nut.
This conceptual model design was analyzed using the Westinghouse WECAN code to obtain
natural frequency and mode shape. The natural frequency for the conceptual model post design
was 256 Hz, and the mode shape is shown in comparison with the Haynes super-post in Figure
2.3. A stability calculation for the conceptual model post in an air-flow test environment was made
using the parameters shown in Table 2.1. The results are shown in Tables 2.2 and 2.3. The
prediction shows the conceptual post design to be unstable at airflow test operating conditions.
Since this initial calculation, a more refined and detailed post design was developed that conforms
to the design constraints of the injector test article. The final version of the design is shown in
Figure 2.4(b) and the mode shape is shown in Figure 2.3.
r_Jgl,L[.e,_2._- Row 13 Model LOX Post (dimensions in mm)
(a) - Model Superpost Conceptua/Design
(b) - Final Design Version: Steel Tipped LOX Post
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The final design is the last of a series of design iterations which were carried out in an effort to
obtain the best possible mode shape match to the Haynes super-posts, as well as a sufficiently
sturdy construction which would go unstable only in the upper range of the air flow test facility
capabilities. The main feature of this improved design is the addition of steel tips to the ends of
the Vespel LOX post model main body (see Figure 2.4(b)). The Vespel portion is threaded into the
upper and lower steel tips, with the use of Loctite material to prevent the post from spinning about
its axis. The steel tips, in turn, are held in place in the same manner as the conceptual post
described earlier. Figure 2.5 shows a typical assembly view of a steel tipped model LOX post into
the main injector hardware.
The steel tipped model LOX post was re-analyzed using the Stardyne computer code. As Figure
2.3 shows, the mode shape of the new design follows the Haynes post mode shape much better
than the conceptual model. The natural frequency, however, increased to about 470 Hz (as
opposed to 256 Hz for the conceptual model). Due to the higher natural frequency and me, the
critical velocity ratios, shown in Table 2.4 for the conceptual model, are likely to be higher for the
metal tipped design, thus resulting in a model super-post which is more stable during blowdown
testing, but is also a better simulation of the structural characteristics of the Haynes super-post.
Figure 2.5 - Typical Steel-'13pped Model Superpost Installation
in the Main Injector Test Article (Row 12 post shown)
V
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Table 2.4 - Summary of Fluidelastic Instability Calculation for
Row 13 Conceptual Model Superpost
Velocity Parameters
Uer (m/s)
Ucr (m/s)
Uet (m/s)
Uct (m/s)
Uer/Ucr
Uet/Uct
[(Uer/Ucr) 2 + (Uet/Uct)2] 0.5
[(Uer/Ucr) 2 + (Uet/Uct)2] 0.5
Damping Circumferential
(%) Location
e = 0° e = 33 ° e = 85 °
1
1
1
1
2
38.97
16.24
0
21.59
2.400
0
2.400
1.697
49.76
33.58
1.69
21.59
1.482
0.078
1.484
1.150
18.74
16.24
23.80
21.59
0.154
0.102
0.596
1.128
Figure 2.6 - Stability Map Showing Engine and Model Operating
Conditions and Stability Boundary (based on smooth
tube data) for 0 = 0° Locations
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Desion Verification
Bench testing was originally developed for verifying the conceptual model post design and
calibration of the instrumented model posts before installation in the main injector test article.
Tests of a "verification post" (without swirlers) were performed. A natural frequency of 270 Hz,
comparable to the value of 256 Hz used in the conceptual model post instability calculations, was
measured. A damping (_) of 0.64% was measured and found to be essentially independent of
vibration amplitude. Dynamic testing was conducted by shaking the post at specified amplitudes
for 2-hour intervals in both the horizontal and vertical planes. The verification post tests
demonstrated that damping, natural frequency, and calibration remained constant and were
repeatable after post disassembly and reassembly.
The damping value of 0.64% measured in the bench tests was lower than that used in the model
stability calculations (Table 2.4). In order to ensure that the model post was not too conservative
(unstable) at the available airflow facility operating conditions, a higher frequency design was
developed, as discussed in the preceding section. Bench tests were repeated, yielding new
values of damping and natural frequency of about 0.8% and 470 Hz, respectively.
Pa s L/st
Table 2.5 provides a list of the individual parts used to assemble the model LOX posts into the
injector hardware.
V
40
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Table 2.5 - Model LOX Posts Parts List
DESCRIPTION
MAIN INJECTOR ASSY
ROW 13 LOX POST ELEMENT
ROW 12 LOX POST ELEMENT
ROW 11 LOX POST ELEMENT
UPPER RETAINER SHROUD
ROW 13 LOWER RETAINER SHROUD
ROW 12 LOWER RETAINER SHROUD
ROW 11 LOWER RETAINER SHROUD
UPPER TIP ADAPTOR
LOWER TIP ADAPTOR
UPPER RETAINER NUT
LOWER RETAINER NUT
JAM NUT
WASHERS
SPECIAL TOOLS
LOCKNUT TOOL
POST TOOL
JAM NUT TOOL
PART NUMBER _
7R0017545
7R035179-3
7R035179-5
7R035179-7
7R035167-3
7R035167-9
7R035167-9
7R035167-5
7R035168-3
7R035172-1
7R035172-7
7R035172-11
QUANTIT_
1
12
11
10
27
9
9
9
27
27
27
27
27
54
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HARDWARE FABRICATION _-_V_
The hardware fabrication task was subdivided in two separate categories: 1) fabrication of new
hardware, and 2) modifications to existing hardware. The new Vespel LOX posts, fabricated by
Westinghouse Corp., were based on the design discussed in the preceding section; a total of 27
Vespel LOX posts (plus a few spares) were made available for assembly of three 3x3 arrays
extending over main Injector rows 11, 12 and 13. For each Vespel LOX post, two stainless steel
tips and matching nuts were also required for assembly into the main injector. Figure 2.5 shows a
typical assembly view of the LOX post within the main injector.
Several modifications to the main injector hardware were necessary for proper fit of the LOX posts
as well as for instrumentation wiring; Microcraft Inc. was primarily responsible for this task. The
main injector primary and secondary face plates were retrofitted to accept the metal-tipped LOX
post hardware. The most extensive modifications were made to the main injector assembly. After
cutting away the thrust cone and LOX inlet manifolds, the upper portion of the doughnut shaped
LOX dome was removed, thus exposing the liquid oxygen side of the interpropellant plate. This
operation was necessary in order to apply the necessary modifications to the interpropellant plate
for LOX post assembly and instrumentation wiring. Additional modifications were also made to
permit installation of a 2 inch thick steel pressure proof plate, to be bolted onto the interpropellant
plate itself, and of sufficient structural strength to bear most of the powerhead weight as well as
thrust generated during the blowdown tests. This plate was also equipped with multi-lead
electrical connectors for easy interface of the strain gage instrumentation circuits with the data
acquisition systems. Figure 2.7 shows a cross-sectional view of the modified injector hardware in
comparison with standard SSME injector.
V
The air flow facility at MSFC incorporates a high-pressure storage supply tank and a compressor for
tank replenishment. The maximum operating pressure of the storage tank is rated at 4200 psig.
Flow into the fuel and oxidizer legs is controlled individually by valves which regulate the
downstream model inlet pressure to a specified value. This approach in regulating the line pressure
provides acceptable run times at given steady state flow conditions. A full description of the facility
operation is available in the Facility Operation Guide.
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L J
Figure 2.7 - SSME Main Injector Cross-Section
(a) - Actual SSME Hardware
(b) - Test Hardware
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A schematic layout of the facility hardware is shown in Fig. 2.8. The mass flow rates in each leg
are measured with two venturi flowmeters located just upstream of the model inlets, and an be
set to pre-established values from the control room. A pressure probe is utilized to measure total
pressure upstream of the ventuds and the static pressure is measured in the throat plane with four
wall taps manifolded together. The 15.6-in. internal pipe diameter is constricted at the Ventud
flowmeters to 8.5 in. on the fuel side and 6.2 in. on the oxidizer side to provide a delta P sufficient
for flow rate determination, yet resulting in a small overall pressure loss, An exit valve is located
between the model main combustion chamber and the exhaust pipe.
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The valve is adjustable to provide a choked flow condition so that the desired pressures are
maintained in the model. Table 2.6 summarizes the facility capabilities relative to the conditions
existing in a phase Ii+ SSME.
Tabte 2.6 - Facility Capabilities
PARAMETER SSME AIR FLOW FACILITY
Fuel Inlet Pressure
Fuel Flow Rate (Ibm/sec)
1-D Velocity in FTD (ft/sec)
Mach Number in FTD
Reynolds Number in FTD
3570
180
507
0.10
1.3x107
MIN
5O
13
156
0.14
1.3x 107
MAX
420
171
312
0.28
1.6x 107
Figure 2.8 - NASNMSFC Air Flow Test Facility
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Hot Gas Manifold Model Description
The test model is a full-scale aluminum replica of a three duct Hot Gas Manifold, shown in Figure
2.9. The modular design of this test article allows for retrofitting to a two-duct powerhead version.
Most of the instrumentation ports are built into the model itself in the form of permanent wall taps as
well as removable pods. The model can accommodate static and total wall pressure taps, total
pressure Kiel probes, total pressure pitot tubes, three-dimensional directional probes, total pressure
rakes, and high frequency dynamic pressure transducers. Pressure measurements in the fuel side
of the model comprise a large portion of the instrumentation, however there are also several ports
and taps available for measuring internal flow parameters associated with the oxidizer side, the
main injector, and the main combustion chamber. The model was designed and constructed by
Microcraft Inc.
During testing, a 70/30 mass ratio of fuel side air flow to oxidizer side air flow is maintained to
simulate actual hot-fire conditions. On both fuel and oxidizer sides, the flow enters the respective
preburner simulator and is manifolded into an annular passage. On the fuel side, there are twelve
large support struts equally spaced circumferentially in the annular passage at the inlet region. The
struts simulate major structural components associated with the engine's High Pressure Fuel
Turbine (HPFT). Tubing from nearby pressure sensors are routed through the struts.
Just downstream of the struts, two perforated plates are used as turbine simulators. The turbine
simulator plates produce a pressure drop simulating that which is generated by the fuel and oxidizer
turbine rotors. Swirl vanes are Installed just downstream of the turbine simulator plates to simulate
the angle of attack of the flow exiting the second stage nozzle, as on the SSME turbines. After
exiting the turbine simulator, the flow changes direction 180 degrees in the turnaround duct (TAD)
region. Downstream of the 180-degree turn, the outer wall of the annular flow channel is designed
with an outward taper for approximately 5-degrees. In addition, there are twenty-four struts and
posts in the fuel bowl region to simulate engine components at this region.
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The oxidizer side has four sets of perforated plates similar to the fuel plates which simulate the
oxidizer turbine rotors. The porosity of these plates is approximately 50%. The outer wall annular
flow channel downstream of the turnaround duct on this side has a 35-degree taper. There are also
two turning vanes on the oxidizer side to guide the flow into the heat exchanger. The second set of
turning vanes is actual flight hardware as it is part of the heat exchanger assembly.
The fuel preburner/turbine simulator is designed to be easily assembled and disassembled. In the
fuel section, the interfaces are designed for easy adaptation of new components, such as the
alternate turbopump designed by Pratt & Whitney. The main injector is actual flight engine
hardware that was modified for testing purposes. The main injector is a shieldless super-post
design, with three arrays of LOX posts designed, built, and specially instrumented for this test
program; sections 1.0 and 2.0 of this report cover the description of this component in more detail.
Flow across the LOX posts on the oxidizer side is also simulated in the test. Various coolant flows
are not simulated, such as in the cavity between the injector face plates.
Both digital and analog instrumentation were utilized in the course of the experimental phase of the
program.
Digital Instrumentation
Table 2.7 summarizes the digital data requirements. Two sets of facility pressure transducer
ranges were utilized in order to provide accurate Venturi flowmeter measurements in the lower and
higher facility flowrate ranges. The total amount of digital sensors used was considerably less than
utilized in previous HGM air flow testing.
Sufficient instrumentation was specified to determine only the basic information essential to the
scope of the test program, such as fuel and oxidizer leg flow rates, turbine inlet total pressures,
turbine and transfer duct static pressures, and MCC pressure. The shortened list was helpful in
reducing the activity involved in digital instrumentation calibration, leak checks, and debugging.
V
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Table 2.7 - Digital Instrumentation Parameter List _
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vAnalog Instrumentation
The analog data for the entire series of tests consisted solely of strain gage instrumentation
mounted on the model LOX posts. Two half-bridges consisting of two coplanar pairs of
SK13031CF350 strain gages per LOX post were used; each pair was mounted orthogonal to each
other in the radial and tangential directions. The axial position of the strain gage pairs was chosen
at the top portion of the post (LOX dome end), 0.2 inch above the swirler region shoulder. In this
position, the strain gages are protected by the inter-propellant plate shrouds.
A special bonding technique, which included the use of a special bonding agent as well as baking at
elevated temperatures, was developed in order to prevent detachment of the strain gages during
exposure to a harsh flow environment. The technique was later verified by shaker tests at the
fundamental frequency for two hours. A total of six leads, three from each bridge, were used on
each instrumented post. The leads consisted of 30 AWG teflon coated wires, which were routed
through holes into the LOX dome, where they merged with wires from other instrumented posts to
form a bundle, as depicted in Figure 2.7(b). At the end of the wire bundle, a single multi-lead quick-
disconnect electrical connector was mounted on the LOX dome plate to facilitate injector assembly.
Solder tabs located below the retainer shroud for accessibility and to facilitate LOX post removal
(Figure 2.10), were used as junction points between the teflon coated wires and the strain gage
leads.
Table 2.8 lists the model posts and strain gage instrumentation locations. A later section in this
report on the Analog Data Acquisition System describes in detail the electrical circuitry and data
recording techniques.
Figure 2.10 - Model Super-Post Strain Gage Instrumentation
Lead Wfres
Solder Tabs
= J
LOX
Manifold
L0X trier Shroud
Dome
49
RI/RD 91-157
Table 2.8 - Vespel Model Super-Post Injector Strain Gage Instrumentation Ust
ARRAY
LOCATION
0 DEGREES
33 DEGREES
85 DEGREES
ROW
13
12
11
13
12
13
12
POST
85
85
01
01
02
02
01
01
01
01
08
O8
09
09
10
10
09
20
20
21
21
22
22
20
20
RADIAL
TANGENTIAL
RADIAL
TANGENTIAL
RADIAL
TANGENTIAL
RADIAL
TANGENTIAL
RADIAL
TANGENTIAL
RADIAL
TANGENTIAL
RADIAL
TANGENTIAL
RADIAL
TANGENTIAL
RADIAL
RADIAL
TANG ENTIAL
RADIAL
TANGENTIAL
RADIAL
TANGENTIAL
RADIAL
TANGENTIAL
NAME
R 13P85 R
R13P85T
R13P01R
R13P01T
R13P02R
R13P02T
R12P01R
Ri2P01T
R11P01R
R11P01T
. R13P08R
R13P08T
R13P09R
R13P09T
R13P10R
R13P10T
R12P09R
R13P20R
R 13P20T
R13P21R
R13P21T
R13P22R
R13P22T
R12P20R
R12P20T
5O
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Calibration of Model L OX Posts
Static calibrations, consisting of the simple measurement of strain gage output voltage versus
deflection, were performed on all instrumented LOX posts. In order to ascertain the validity of the
resulting calibration curves, tests were performed on each LOX post prior to installation into the
main injector - by means of a fixture simulating the injector (bench tests), and after installation into
the main injector (injector tests).
Bench Tests
All bench calibration tests were carried out at Westinghouse; the following instrumentation was
utilized in order to carry out these tests:
1. Strain gage conditioner Vishay Model 2100. Half bridge input, with 350
ohm fixed-resistors that complete the bridge internal to the Vishay.
2. Bridge excitation voltage, 1.5 V; Amplifier gain, 400.
3. Shunt resistor (for calibration check when gages are installed in the
injector), 82.232 K ohms. One of the active gages was shunted for each
bridge (yellow/white leads). A shunting connection device was used to
check strain gages.
4. The simulated LOX dome end of the calibration fixture was modified to
permit the threaded end of the post to pass through a clearance hole and
be secured by a nut. The nut on each end of the model post was torqued
to 40 in-lb.
Two static calibrations were performed for each bridge. A typical calibration curve is shown in
Figure 2.11. Repeatability and linearity have been noted to be consistently acceptable. The post
is calibrated with the longitudinal axis in a horizontal plane. The angular orientation of the post is
adjusted so that when a horizontal force is applied there is large output from the strain gage bridge
that measures motion in the horizontal direction, and a very small output from the strain gage
bridge that measures motion in the vertical direction. The scribe mark indicating the radially
outward direction on the post is oriented to face upward. The calibration constant for a vertically
applied load is designated as C(V), the stiffness Ib/in for a vertically applied load is K(V), the
shunted bridge output for the gages that measure motion in the vertical direction is S(V), and the
millivolt (mv) output for a 2 Ib force applied in the vertical direction is F(V) (this value can be used
as a calibration check after the posts are installed in the model). The corresponding designations
for the horizontally applied load are C(H), K(H), and S(H) (no value for F(H) is given since it is not
be possible to check that direction when the post is in the model). The damping is obtained from
pluck tests. The post was plucked in the vertical direction and most of the ensuing motion is in
the vertical direction. The strain gage signals are passed through high pass filters set at 250 Hz.
RI/RD 91-157
51
The damping expressed as percent critical damping is calculated, using the vector amplitude for
the two directions, according to the formula
,nF I
2= =N L4xF +Y_J
The damping is evaluated at two convenient amplitude ranges (typically at approximately 13 mils
peak-to-peak to 8 mils peak-to-peak, and at approximately 8 mils peak-to-peak to 5 mils peak-to-
peak) and the average value is reported. The post natural frequency is obtained from the same
amplitude/time curves used to determine damping.
The pluck test is conducted with the use of a spring scale to apply a force of 1200 grams at the
middle of the swirler region (the same location used to apply the force and measure the deflection
during the static calibrations). A rubber band is attached to the end of the spring scale. A loop of
fish line goes around the post and is attached to the rubber band. With the strip chart running, the
fish line is cut and the amplitude decay curve recorded. It is convenient to pull vertically in the
laboratory tests. However, the technique was shown to work equally well for a pull in the
horizontal direction (the pull will be horizontal when the damping check is made with the post in the
injector head), and the damping values obtained are essentially the same for the two directions.
Calibration test results for the steel-tipped posts are given in Table 2.9 and typical curves are
plotted in Figure 2.11. The bridge outputs with one of the active gages shunted were very similar
for all the posts. The damping values were also very similar for all posts, with 0.819% critical
damping being the average. The average natural frequency is 473.8 Hz for Row 13 posts, 536.3
Hz for Row 12 posts, and598.7 Hz for Row 11 posts. The calibration constants (mv/mil) for the
posts are also given. The variation in calibration from post-to-post (for the same row) for a given
direction probably reflects small differences in gage placement.
Injector Tests
Calibration tests similar to the bench tests described in the preceding section were carded out at
Rocketdyne just prior to shipment of the injector assembly to MSFC for air flow testing. In order to
access LOX post rows 11 and 12, obstructing LOX posts were removed and reassembled upon
completion of the test procedure. Each instrumented post was plucked by tying a length of dental
floss to the marked center of the post and to a rubber band. A dynamometer was hooked to the
rubber band, and a force of 910 grams (2 Lbs) was applied by pulling radially outward in the
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Table 2.9 - Bench Test Calibration Results for Steel-_pped LOX Posts
POST
R13P08
R13P09
R13P10
R13P20
R13P21
R13P22
R13P10R
R12P01
R12P09
R12P20
R11P01
R11P08
R11P19
fn
Hz
472
480
472
460
482
477
467
532
540
537
597
602
597
%
0.765
0.790
0.844
0.833
0.784
0.833
0.846
0.795
0.849
0.812
0.868
0.845
0.810
C(H)
mv/mil
67.7
62.0
64.4
68.8
63.8
61.7
62.6
65.7
72.0
69.2
75.9
74.4
77.2
c(v)
my/rail
62.1
59.2
60.2
60.5
60.1
59.6
58.2
62.8
66.1
62.3
69.7
68.0
73.2
S(H)
mv
650.8
651.5
651.0
650.0
651.0
651.0
644.0
650.5
649.5
651.5
650.2
649.8
650.6
s(v)
mv
643,5
645.0
645.0
642.7
643.0
645.0
640.3
643.7
644.5
645.0
644.7
644.0
644,0
K(H)
Ib/in
258
255
250
235
250
247
240
KV)
Ib_n
25O
253
253
233
247
245
238
F(V)
mv/21b
491
462
469
514
481
476
489
427
433
405
363
387
403
v-
Figure 2.11 - Typical Strain Gage Calibration Curve (R13P21)
>
=E
:d
a.
i-
o
u.I
¢1
In
U.I(,5
<¢
Z
m
I-
1200
1000
8OO
600
400
2O0
0
0 5 10 15
AMPLITUDE, X, MILS
20
RI/RD 91-157
53
directionof maximumstrainsensedbythe radialgage. Thedentalflosswasthencutbygently
applyingtheedgeof a razorblade.Theresultingsignalwasrecorded,andtheresultingvibration
frequencyanddampingwerethencalculatedby a signalprocessor. Figure2.12is a typical
vibrationdecay curve used for dynamic calibration. Table 2.10 and Figure 2.13 show
comparisons of natural frequency and damping obtained from bench tests (Westinghouse) and
Injector tests (Rocketdyne); in addition, comparisons are also made with values calculated from
post-processing of actual air flow tests performed at MSFC. The upper portion of Figure 2.13
clearly shows the natural frequency increase over rows 13 through 11 due to the LOX post
decreasing length; in addition, a fairly good agreement exists among the three sources. The
bottom portion of Figure 2.13 shows damping; notice that In some cases Inconsistencies of up to
20% are present. The exact nature of such differences has not been investigated in detail,
however it is speculated that differences between bench and injector tests are probably due to
installation methods (torque values on retainer nuts and application of Loctite material on threads),
whereas the typically higher damping observed during air flow tests is likely to be caused by the
added mass of the fluid. The damping values shown for air flow tests (MSFC) are from a single
blowdown run chosen at random; it is to be expected that further spectral analysis of the strain
response recorded for each LOX post may show trends in the variation of damping with flow rate
and pressure.
Figure 2.12 - Typical _bration Response Obtained from LOX Post
Dynamic Calibration Tests
*q p,
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- Comparison of Model Super-Post Frequency and Damping Obtained from
Bench Tests (Westinghouse), Injector Tests (Rocketdyne)
and Air Flow Tests (MSFC)
LOX Post
R13P85
Westinghouse
In (Hz)
Bench
RK
fn (Hz)
injector
495
MSFC
fn (Hz)
Alr Flow Test
470.0
R13P01 470 453 467.5
R13P02 470 463 472.5
R12P01 532 519 527.5
R11P01 597
R13P08 472
48OR13P09
575
461
479
467
524
469
468
459
52O
fn (Hz) 1st Bendin
467R13P10
R12P09 54O
R13P20 460
R13P21 482
R13P22 477
R12P20 537
585.0
467.5
480.0
470.0
530.0
475.0
472.5
460.0
525,0
I Mode
Westinghouse
Damping %
Bench
RK
0.795
Damping %
Injector
0,839
MSFC
Damping %
Air Flow Test
0,710
0,825 1,069 0.960
0,837 0,927 1,060
0,660
0.868
0.765
0,790
0,846
0,849
0,833
0,831
1.053
0,852
0,874
1,043
0.892
0,993
1,026
0.829
0,901
0,784
0,833
0,812
1,030
1,100
1.040
1,060
0,940
t.160
1.300
1.200
0.810
W
¢
U.
/
<
i',z'
z
Figure 2.13 - Graphical Representation of Table 2.10
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Data Acaulsltlon System
Real time data acquisition is accomplished entirely through the use of two independent systems
which are turned on-line just prior to activation of each blowdown run. During testing, the electrical
signals transmitted from various sensors installed at locations of interest within the flow model are
received and conditioned by each system and then stored on the respective storage facilities for
post-processing. Selected parameters of critical interest are also subject to on-line monitoring
through the use of oscilloscopes and digital displays. The two independent data acquisition systems
are each dedicated to digital and analog operations.
Digital Data Acquisition System
This system acquires and processes data transmitted by pressure transducer type sensors. The
pressure sensors, signal amplifiers and power sources are located in a self-contained and self-
calibrating digital data scanner model 780-B manufactured by Pressure Systems Inc. (PSI). The
digital data is acquired, processed and stored by means of a HP-900 central processing unit (CPU)
computer system. Scanning rates of up to 100 samples per second can be achieved by this highly
sophisticated system. Prior to each biowdown run, the HP-900 records and adjusts each data
channel for zero-level response, and upon completion of each run it automatically processes all
acquired data and produces a print-out in engineering units. A self-calibration routine is performed
at the beginning of each day; ambient pressure and temperature are input prior to each run for
proper conversion to absolute pressure units. The MsFc test facility is capable of simultaneous
acquisition of several hundred pressure measurements discussed in greater detail in Reference (17).
Several of these measurements were recorded in the course of each test and are in the custody of
MSFC personnel for documentation purposes. Digital flow measurements pertinent to this program
are listed in Table 2.6. These measurements have been selected on the basis that they provide the
most essential flow parameters required to obtain an accurate description of the flow environment
along the path included between the turbine simulator inlet and the Main Combustion Chamber
discharge.
V
Analog Data Acquisition System
The Vespel model super-pests' structural response was measured by means of 25 SK13031CF350
strain gages mounted directly onto the surface of 13 LOX posts selected from three separate arrays.
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A total of four strain gages were installed on each LOX post in a half-bridge configuration (2 active
legs on each Wheatstone bridge). Each pair of strain gages was oriented radially outward and
tangential to main injector row 13. Excitation voltage was provided by two HP 6114A power supplies
mounted on instrumentation racks common to 25 Tektronix AM502 differential amplifiers. Figure
2.14 shows a circuit diagram representing a typical electrical interface between the strain gage
instrumentation and the data acquisition system. The analog signal output was electronically stored
for post-processing by means of two Ampex PR2230 FM tape recorders, each capable of
accommodating 14 tracks of data. An IRIG generator was also used to provide a common time
signal on one track of each tape recorder. The IRIG time was synchronized with the digital data
acquisition system clock.
A maximum of 13 channels were simultaneously monitored and recorded in the form of time
histograms by means of strip chart recorders. Two of the channels monitored on strip charts were
also monitored in the frequency domain by means of a HP 3562A signal processor, which provided
on-line Power Spectral Density (PSD) displays of lift and drag gages exhibiting the largest response
amplitudes; a plotter was used for hard copy storage. The same parameters were also displayed on
a dual channel digital oscilloscope in the form of Lissajous diagrams (orbit plots). The Lissajous and
PSD displays were carefully monitored during each blowdown run in order to be able to signal a test
abort in case of excessive vibration amplitudes of fluid-elastic nature. For the first 64 runs (run 1/0
through 43/0), the excitation voltage used for all strain gages was 3.0 volts, with a gain factor of
1000 set on all amplifiers. The gain was then reduced to 500 for the remaining 22 runs (run 42/4
through 62/1) due to the higher mass flow rates used. Not all of the runs just mentioned were
considered acceptable; only those listed in the test matrix (see section 3.0) were used for data
analysis. All post-processing was performed by means of a MASSCOMP 5500 computer system.
F
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Figure2.i4 - LOX Post Strain Gages Instrumentation Circuit Diagram
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3.0ANALYSISANDDISCUSSIONOFEXPERIMENTALRESULTS
Intheexperimental phase of the program nearly 100 test runs were carried out at various flow rates
and back pressures in an attempt to find the necessary flow conditions suitable for fluidelastic
excitation of the instrumented Vespel super-post arrays. The model powerhead inlet and discharge
flow conditions were varied in order to cover a sufficiently wide range of reduced velocities and fluid
densities, which are the key flow parameters in the fluidelastic excitation domain.
Following a discussion on the test procedures, test matrix, data management, and the techniques
utilized in the course of the experiments, the discussion will be then shifted toward the analytical
tools used to reduce the raw experimental data. The results obtained from the data analysis will
then be interpreted in terms of the high frequency structural response of the model super-posts as
well as the steady-state information which characterizes the overall flowpath within the powerhead.
Finally, a relatively simple analytical model of the flowpath, simulating the flow between the
simulated fuel turbine inlet and the Main Combustion Chamber (MCC) throat, will be presented for
the geometry actually tested and for other possible modifications. This will be done in an attempt to
explore the possibility of attaining higher flow regimes which might be better suited for inducing an
unstable condition of the model LOX posts within the current test facility capabilities.
TEST PROCEDURES
Due to the relatively fragile construction of the Vespel super-posts and the uncertainties associated
with the actual flow conditions required to induce LOX post instability, the incremental flowrates and
pressures applied to the test article were selected very cautiously, in fear of inflicting premature
damage to the model posts. The primary objective throughout the experimental phase was to
establish flow conditions necessary to induce transition in LOX post vibration amplitudes from a
linear to an exponential increase, as a function of flow energy input. In this section, the experimental
techniques as well as the test matrix utilized in the course of the experimental program are
presented.
Test Matrix
A record of all test runs completed in the experimental phase is shown in Table 2.11.
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Exoerimental Technlaues
As mentioned in previous sections, searching for a stability threshold in the fluid-elastic domain
requires adjustments of two essential parameters: the reduced velocity and the fluid density. In an
academic sense, the reduced velocity is defined in terms of the effective velocity (Uen) which, for
cylindrical array configurations, would be equivalent to the gap velocity (flow velocity between two
adjacent posts). However, for practical reasons, the average of the velocities measured at the exit
of each fuel-side transfer duct was used instead of the true gap velocity. The transfer duct velocity
was varied by controlling the mass flow rate through the air flow model. Conversely, the fluid density
was controlled by the back pressure at the MCC by means of a control valve setting selection of 6%,
13%, 20% or 27.9% opening. The resulting effect can be seen in Table 2.11 which shows that the
density was varied from less than 0.1 Lbm/Ft 3 to over 0.5 Lbrn/Ft 3, despite the unexpected
occurrence of a limitation in the transfer duct velocity to about 350 Ft/s. More details about the
velocity limitation will be given later in this section.
As indicated earlier in this report, the structural response of a limited number of LOX posts was
monitored in real time during the execution of each blowdown run. Due to the unavailability of
additional equipment, a maximum of two channels at a time could be selected for on-line monitoring.
First, it was necessary to identify a specific LOX post having the greatest potential for experiencing
fluidelastic instability. The selection was made based on vibration amplitudes recorded on strip-
chart amplitude histograms. The selected data channels were then input to an oscilloscope - for
Lissajous (orbit) diagram display, and to the HP356A signal processor - for spectral density display.
After each test, log entries were made to assess any possible changes in the behavior of the strain
response through which an instability event could be detected and tracked. Moreover, logs were
also maintained on the progression of strain response as a function of the velocity head (q). The
HP-900 computer system made this task rather simple because of its ability to compute all of the
basic aerodynamic parameters within minutes from shut-down. Data points were manually plotted
after each run to ascertain whether the strain was behaving linearly with increasing q, or whether an
exponential increase in strain response - similar to that observed in the channel tests (Figure 1.18),
was about to occur. Unfortunately, an unstable condition was never attained in the course of this
experimental phase.
V
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EXPERIMENTAL RESULTS
V
The test matrix originally designed for this test program specified a fixed hardware configuration
and a fairly extensive regime of mass flow rates and back pressures. This was intended to be a
systematic approach to finding the correct combination of reduced velocity and density necessary
to induce an unstable condition affecting at least one of the three LOX post arrays under study.
Table 2.3 was generated as an aid to this purpose, thus greatly simplifying the experimental task
to merely finding the correct combinations of Ucn and Po approaching the values listed in the table.
The model LOX posts were also designed to experience instability at flow conditions within the
operating range of the test facility, however a number of assumptions were necessary to
analytically predict the approximate position of the instability threshold (and thus the values in
Table 2.3) applicable to the model design. Unfortunately, the analytical prediction sought was also
a test objective, thereby creating a situation where the resulting analytical predictions could only
be as accurate as the assumptions made during the design phase. After numerous attempts to
expose at least one of the model super-posts to fluidelastic instability, it was found that this
condition could not be achieved within the operating range of the air flow test facility, or the design
constraints of the model LOX posts.
To help illustrate the situation, one of the most critical assumptions needed was the threshold
instability constant J]; Table 2.1 lists some of the values used to generate Table 2.3. As will be
shown in this section, the value of ]3 for row 13 LOX post No.85 (in-line array) calculated from the
experimental data is 12.2 as opposed to 3.4 - given in Table 2.1, The actual value will be greater
than 12.2 because instability was not observed at that point, and the maximum operating limit of
the test facility had been reached. Consequently, the predicted stability threshold listed in Table
2.3 will be more than four times greater than originally believed.
In this section, the experimental data characterizing the flow field in the vicinity of the LOX posts,
as well as their structural response, will be presented. The issue concerning the present lack of an
unstable response and how it can be applied to the SSME will then be addressed. Finally,
analytical methods used to determine the feasibility of attaining instability within the current flow
facility constraints will also be presented, as a database for possible future attempts to accomplish
the initial objective.
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Hardware Confiouration._
The Hot Gas Manifold air flow model configuration utilized in the course of these tests consisted of
hardware components simulating a Full Power Level (FPL), Phase II powerhead. The hardware
simulating the High Pressure Fuel Turbine (HPFT), included a single-stage turbine simulator
screen needed to reproduce a flow resistance equivalent to the SSME turbine rotors; the open
area of the screen is approximately 9 in2 (referred to as "screen No.l"). A swirl vane assembly
was mounted downstream of the plane of the screen to simulate the second stage nozzle exit
velocity angle. Screen No. 1 was installed for test runs 1 through 62. Upon completion of the test
runs prescribed by the test matrix, this screen was replaced with a two-stage unit with an open
area of approximately 20 in2 (referred to as "screen No.2"). Due to space limitations, it was
necessary to remove the swirl vane assembly. Screen No. 2 was used for runs 63 through 66.
Table 3.1 lists geometric areas pertinent to locations along the flow path extending from the fuel
turbine simulator screen to the MCC. Stations 1 through 5 are shown on the HGM model in Figure
2.9, and are also defined as follows:
A1 : Turbine Simulator Screen
A2 : Fuel Transfer Ducts Exit Plane
A3 : Injector LOX Post Face Plate Retainers
A4 : MCC Combustor
A5 : MCC Throat
Table 3.1 - HGM Air Flow Model Geometric Areas Along Flow Path
CASE
NO
GEOMETRIC AREAS (IN2)
A1
9.08
19.77
19.77
A2
44.74
44.74
44.74
44.74
A3
42.72
42.72
85.44
42.7219.77
A5 REMARKS
66.96 SCREEN No, 1
{TESTS 03-62)
66.96 SCREEN No. 2
(TESTS 64-66)
262-300
83.40 INJECTOR SLEEVES AND
MCC VALVE REMOVED
83.40 MCC VALVE REMOVED
63
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Description of Flow Field
A sufficient number of measurements were recorded to provide the basic flow parameters -
pressure, temperature, density and velocity - at locations along the flow path described in Table
3.1 and Figure 2.9. During the series of runs for which screen No. 1 was installed in the HGM
model, an anomaly was encountered in the behavior of the one-dimensional transfer duct exit
velocity as a function of flow rate. Figure 3.1 (case 1) shows the transfer duct velocity leveling off
at about 350 Ft/s for fuel flow rates greater than 30 Lbm/s. After determining that the Mach
number associated with the flow passing through screen No. 1 was sonic, an attempt was made to
increase the transfer duct velocity by opening the fuel turbine simulator screen flow area by
installing screen No.2, however no improvement was achieved, as indicated by Figure 3.1 (case
2). The Mach number was calculated by means of a one-dimensional algorithm at stations 1,2, 3
and 5 (Table 3.1) in an effort to provide an explanation for this behavior. The Mach number
plotted as a function of fuel flow rate in Figure 3.2 for screen No. 1, shows the turbine simulator
screen choking at about 20 Lbm/s fuel flow rate, with the MCC throat choking later at about 30
Lbrn/s. The Mach number through the injector fuel sleeves is shown to be sufficiently large to
suggest a possible choking condition also at that location. A comparison between Figure 3.2 and
3.3 shows that a large decrease in Mach number through the turbine simulator screen had virtually
no effect on the flow velocity in any of the other locations considered. This observation suggested
that the transfer duct velocity was being controlledPrimariiy I_ythe high Mach number flow through
the injector sleeves. A confirmation of this was later found by using the computer model to predict
the transfer duct velocities for enlarged flow areas at stations 3 and 5 (case 3), and at station 5
only (case 4). Figures 3.4 and 3.5 respectively show the resulting transfer duct exit Mach number
reaching its highest value for case 3 (injector sleeves and MCC valve removed), corresponding to
a velocity of nearly 550 Ft/s, as opposed tO 350 Ft/s attainable with the nominal injector
configuration. Table 3.2 summarizes these findings as a function of total facility flow rate. Figures
3.1 through 3.5 are plotted as a function of fuel flow rate. Insofar as the critical velocity for the
onset of fluidelastic instability is concerned, it is interesting to note from Table 3.2 that the
parameter Up lj_ reaches values far greater than those predicted in Table 2.3, even prior to
crossing the stability threshold.
V
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Figure 3.1 - Transfer Duct Exit Velocity Variation as a Function of Fuel Flow Rate
(case 1)
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Figure 3.2 - Mach Number Variation at Stations 1 through 5 as a Function of Fuel Flow Rate
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Figure 3.3 - Math Number Variation at Stations 1 through 5 as a Function of Fuel Flow Rate
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Figure 3.4 - Mach Number Variation at Stations 1 through 5 as a Function of Fuel Flow Rate
(case 3)
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Figure 3.5 - Mach Number Variation at Stations 1 through 5 as a Function of Fuel Flow Rate
(case 4)
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Table 3.2 - Effects of Geometry on Transfer Duct Exit Velocity
200
PREDICTED VALUES WITH MAX. INLET PRESSURE = 300 PSIA
CASE FLOWRT
NO (LB_S)
1 82
2 152
3 175
4 156
T.D.VEL
(FP5)
348
35O
548
369
T.D. q
(psi)
7.0
13.1
23.5
14.1
T.D. U "Jp
253
348
465
362
REMARKS
SCREEN No. 1
SCREEN No. 2
SCREEN No. 2
SCREEN No° 2
Ij_iector L OX Dosts Response
As stated at the beginning of this section, LOX post instability was not detected over the operating
range of the test facility. The type of response exhibited by all instrumented LOX posts was
consistently typical of turbulent excitation. A representative amplitude histogram obtained for LOX
post 9 on row 13 (33 ° array) in the tangential direction (R13POgt) is shown in Figure 3.6; this plot
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also represents the maximum amplitudelevels recorded in the course of the experimental phase.
It is relevant to note that the signal is random, with maximum peak-to-peak fluctuations of about 16
Lbf. Figure 3.7 is an RMS version of the trace in Figure 3.6, showing an average RMS load of 2.8
Lbf-rms and no sinusoidal behavior. This value is in agreement with the composite spectrum
shown in Fig. 3.8, which shows the first 4 modes of vibration in the 0-2.5 kHz spectrum. The first
mode of 470 Hz agrees very well with bench and injector calibration tests performed prior to air
flow testing. The damping reported in Table 2.10 was calculated from similar curves using the
half-power method.
Wr=,_
Figure 3.6 - Typical LOX Post Amplitude Histogram (R13P09T)
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LOX POST 228 RI3P09T S+ 0. 80
i , i J i , i _ , , i i i i _ i , i i i i i i ,
I_ COMPOSITE 2.825 Ibs rms -_b
!'''
Freq. (Hz)
-.,.,._.j
RMS load response of the remaining LOX posts is shown in Figures 3.9 through 3.11 for 0% 33°
and 85 ° respectively. The majority of the data points plotted appear to follow a linear behavior for
values of q greater than 2 psi, thereby exhibiting a non-zero y-intercept. This behavior was not
expected, based on data obtained from two-duct tests described in section 1.0 (see Figure 1.23).
The model LOX posts used in the two-duct tests are very similar to those used in this test, except
for the steel tips and the steel upper and lower shrouds installed in this injector. Differences in the
mode shapes between the two design versions are therefore expected, however the mode shape
is unlikely to be the cause of a non-linearity in the strain response. Although investigation on this
issue is not complete, it is speculated that a possible variation in damping due to interaction
between the Loctite material and the steel shrouds may be a possible cause for this behavior. By
application of the half-power method to individual strain response PSD curves taken at selected
time slices corresponding to increasing flow rates may reveal the true behavior of the damping
coefficient. On the upper portion of the RMS strain response curves, sudden exponential increase
in amplitude, indicative of a fluid-elastic excitation mode is not easily discerned. The 33 ° array
exhibits a slightly different behavior than the other two arrays due to the last three or four data
points. As Figure 3.10 shows, it would appear that posts R13P08R and R13P09R may have the
tendency to increase at a higher slope than other data points. It is difficult, however, to make a
precise assessment based on a few data points. Moreover, correlation functions have been
generated for these and other data points, showing no sign of a lock-in phenomenon. The analog
data presented in this section has been analyzed by means of the Masscomp 5500 computer.
Strain gage instrumentation sensitivities for calibration purposes are listed in Table 3.3.
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Figure 3.9 - Main Injector Super-Post Model Response with Transfer Duct Velocity Head
(0° position)
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Figure 3.10 - Main Injector Super-Post Model Structural Response with Transfer Duct Velocity
Head (33° position)
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Figure3.11- MainInjectorSuper-PostModelResponsewithTransferDuctVelocityHead
(85° position)
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Stability Diaorams
Figure 3.12 shows the stability diagram resulting from experimental data gathered from the injector
tests 4 • Reduced velocity - in terms of transfer ducts exit velocity, rather than gap velocity - is
shown on the ordinate, and damping parameter on the abscissa. The square symbols represent
blowdown runs in the upper range of the parameter UpV2. The square symbol to the extreme left
of the family of points was chosen as the uppermost stability boundary (curve "A") because it
represents the blowdown run with the highest velocity and density data (run 62/1, with q = 7.1 psi),
combined with the lowest natural frequency and damping found in Figure 2.13 (LOX post
R13P85). This point was chosen because it represents the highest measured "stable" boundary;
the location of the actual stability threshold, however, is unknown due to the absence of an
unstable LOX post response during test. The second boundary line, labeled "B", represents the
lower edge of the envelope which encompasses all LOX post damping and natural frequencies for
the same q as in curve A. The specific LOX post with the highest natural frequency and damping
is post R11P01. The maximum post-to-post variation of the highest stable boundary recorded is
thus between _ = 8.2 and [3 = 12.2.
4 In Figure 3.12, K is used to designate the stability constant normally designated by !] in other
portions of the report.
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On the same figure, a comparison is also shown with an actual instability threshold obtained form
channel tests conducted at Rocketdyne in 1984 (curve "C"). In the course of these tests instability
was actually achieved, however the threshold is far below the uppermost stable boundary obtained
for three-duct shieldless injector super-posts. The value of the instability constant was reported as
3.75, which is over three times lower than that obtained from present stable tests. It should be
also noted, however, that the flow in the channel tests was uniform as opposed to highly three-
dimensional as in the present injector tests, and furthermore, the model LOX posts used in the
present tests are known to reproduce the mode shape of the Haynes posts quite closely, whereas
this information is not available for the channel tests posts.
v
Additional comparisons are made in Figure 3.12 with the earlier CFD model prediction discussed
in section 2.0, upon which the design of the model LOX posts used in the present tests was based
(curve "D"). This curve shows a predicted instability constant nearly four times lower than the
experimental value (probably even further apart, depending on where the actual threhold is
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located). Although not entirely proven, this curve could hold the reason as to why the present test
LOX posts never reached an unstable condition. It has been ascertained, based on present data,
that although the model LOX posts are well suited for accurate structural simulation of the SSME's
Haynes LOX posts in terms of mode shape characteristics, their damping and natural frequency
are too high for fluid-elastic instability to occur within the operating range of the air flow test facility.
This problem is also compounded by the 350 Ft/s transfer duct velocity limitation described earlier.
V
It is conceivable that the critical velocity required to trigger instability may be only slightly higher
than this value, in which case a few relatively simple hardware modifications may be required to
accompfish that objective. The analytical model discussed in the next section was used to explore
the alternatives available for this purpose. Cases 3 and 4 in Table 3.1 represent two possible
alternatives. In case 3, approximately 300 of the fuel injector sleeves were removed in order to
double the geometric area in that region. Additionally, the MCC valve used in the MSFC air flow
facility was also removed-so as to increase the area at that location nearly 25%. Case 4 is a
simplified version of case 3, in the sense that only the MCC valve was removed. Table 3.2 shows
the resulting effects on the transfer duct velocity, q, and the instability parameter Up _r2. These
predictions were made with the assumption that the test facility operating range would remain
unaltered. The resulting stability boundaries anticipated for cases 3 and 4 are also shown in
Figure 3.12. At first sight, case 3 would appear to increase the upper boundary the most by
increasing the value of 13= 12_'currentiyachieved to neariy:35. Case _,, onthe0tl_er hand,
would increase 13to about 22, but it would require far simpler modifications to the hardware and
would have no effect the injector flowfield, thus retaining the appropriate dynamic similarity.
Extrapolation to Enaine Ooeratina Conditions
Perhaps the most important result obtained from this program is the relative position of the stable
boundary lines plotted in Figure 3.12 with respect to the SSME FPL operating range shown in the
cross-hatched box. This box, defined earlier in Figure 2.6, represents the uncertainty domain of a
shieldless injector at FPL conditions, and it was merely transcribed onto Figure 3.12. In
consideration of the structural similarity of the model LOX posts, and the dynamic similarity of the
model and prototype flow fields, attaining and recording a fluid-elastic instability event would
certainly satisfy the academic objectives of the program. In retrospect, another important objective
of this program was to examine the likelihood of a shieldless SSME super-post injector to
experience fluid-elastic instability at 109% power level engine operating conditions. Based on the
data shown in Figure 3.12 it would appear that a shieldless injector would remain quite stable in
this operating range. An experimental determination of the actual stability threshold, however,
would significantly enhance the confidence level associated with the earlier conclusion.
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ONE-DIMENSIONAL ANALYTICAL FLOW MODEL
In connection with the transfer duct velocity limitation reported earlier, a relatively simple one-
dimensional flow algorithm was developed in an effort to examine relevant flow effects occurring at
locations along the flow path not equipped with instrumentation sensors. The stations of interest
are depicted in Figure 2.9. The model was developed in two stages; in the first stage, the
available experimental data was used to calculate the pressure loss coefficients associated with
each segment of the flow path included between the inlet and exit boundary conditions (stations 0
and 5). After determining the pressure loss coefficients (Kt), the second stage of the algorithm
would perform velocity and pressure computations starting from the exit boundary condition,
assuming isentropic one-dimensional flow, and utilizing the pressure loss coefficients determined
in the first stage of the algorithm. Velocity, pressure, Mach number and q were then calculated at
each of the intermediate stations, and were then used as boundary conditions for the next station,
and so on, until the inlet boundary conditions were satisfied. In cases where the internal geometry
of the flow passage needed alteration, hand calculated estimates of the resulting change in Kt
were input to the code.
Model Verification
Verification of the algorithm was accomplished utilizing the available test data from the same
injector tests described in this report. The experimental data was available only for stations 0, 2
and 4, and is plotted in Figures 3.13, 3.14 and 3.15, respectively, and is represented by square
symbols. The model predictions are plotted on the same figures for comparison. Case 1 denotes
the baseline configuration of the HGM air flow model, the other cases represent different
configurations discussed earlier in this report. An additional comparison with experimental data is
also shown in Figure 3.1.
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Figure 3.13 - Computational Model Prediction and Verification of Inlet Total Pressure
(Station 0)
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Figure 3.14 - Computational Model Prediction and Verification of Transfer Ducts Static Pressure
(Station 2)
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Figure 3.15 - Computational Model Prediction and Verification of MCC Pressure
(Station 4)
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4.0 CONCLUSIONS AND RECOMMENDATIONS
Since the catastrophic engine failures experienced in the early days of the Space Shuttle Main
Engine development program, flow shields have been installed on main injector LOX posts in
order to prevent reoccurrence of such events. Although the flow shields provide adequate
protection against cracking and LOX post rupture, they have an inhibiting effect on the overall
performance characteristics of the engine, and also constitute additional weight. The flow shields
were odglnally designed to prevent Cres posts from failing. Since the development days, the new
Haynes LOX post design has been incorporated on all engines in the fleet. In addition, a sturdier
version of this design, the superpost, has been also introduced. The flow shields, however,
retained their status of "standard equipment" on every injector produced. It was never clearly
known whether the superpost design would survive the engine FPL environment without the aid of
the flow shields, and it probably will never be known with certainty until hot fire tests are
performed. This experimental program was designed to provide basic information which would
pave the way towards the resolution of this dilemma.
This principle conclusion of this report is that a very successful test program has been conducted
to study the flow induced vibration in SSME injector heads. The study was conducted on a 3-duct
HGM with an unshielded superpost main injector. While instability was not observed, even at the
facility's maximum flow limitations, which resulted in a maximum transfer duct velocity of 350
ft/sec, the results showed that stable performance can be expected in a hot-fire engine test.
"Safety" factors of three, based on unstable Rocketdyne channel tests, and four, based on CFD
model predications, are derived from the stable experimental values. These observations
therefore provide added confidence in the structural integrity of the superposts. It should also be
noted that the current Haynes main injector was never tested without the shields.
Concerning the issue regarding the reproduction of a fluid-elastic instability event on one of the
model LOX posts tested in this program, it is highly recommended that the air flow model
configuration changes addressed in the previous section should be explored further. Temporary
removal of the MCC flow control valve, as represented by case 4 in the preceding discussions, is
likely to be a relatively simple task. A few runs may be sufficient to ascertain whether the stability
threshold can be reached under these conditions; if not, the alternative identified by case 3 can
also be explored. In any event, it is highly recommended that the necessary measures be taken to
induce and record an unstable condition on the model super-posts; it is believed that such an
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=accomplishment will provide further physical understanding of the phenomenon, which is likely to
be a valuable asset for future engineering tasks as well, and will also increase the level of
confidence necessary for the permanent removal of flow shields from future Space Shuttle Main
Engines.
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